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Impact of Pressure Recovery on Echocardiographic
Assessment of Asymptomatic Aortic Stenosis:
A SEAS Substudy
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O B J E C T I V E S The aim of this analysis was to assess the diagnostic importance of pressure recovery
in evaluation of aortic stenosis (AS) severity.
B A C KG ROUND Although pressure recovery has previously been demonstrated to be particularly
important in assessment of AS severity in groups of patients with moderate AS or small aortic roots, it
has never been evaluated in a large clinical patient cohort.
METHOD S Data from 1,563 patients in the SEAS (Simvastatin and Ezetimibe in Aortic Stenosis)
study was used. Inner aortic diameter was measured at annulus, sinus, sinotubular junction, and
supracoronary level. Aortic valve area index (AVAI) was calculated by continuity equation and pressure
recovery and pressure recovery adjusted AVAI (energy loss index [ELI]), by validated equations. Primarily,
sinotubular junction diameter was used to calculate pressure recovery and ELI, but pressure recovery
and ELI calculated at different aortic root levels were compared. Severe AS was identiﬁed as AVAI and
ELI 0.6 cm2/m2. Patients were grouped into tertiles of peak transaortic velocity.
R E S U L T S Pressure recovery increased with increasing peak transaortic velocity. Overestimation of AS
severity by unadjusted AVAI was largest in the lowest tertile and if pressure recovery was assessed at the
sinotubular junction. In multivariate analysis, a larger difference between AVAI and ELI was associated with
lower peak transaortic velocity (beta 0.35) independent of higher left ventricular ejection fraction (beta 
–0.049), male sex (beta  –0.075), younger age (beta  0.093), and smaller aortic sinus diameter (beta 
0.233) (multiple R2 0.18, p 0.001). Overall, 47.5% of patients classiﬁed as having severe AS by AVAI were
reclassiﬁed to nonsevere AS when pressure recovery was taken into account.
CONC L U S I O N S For accurate assessment of AS severity, pressure recovery adjustment of AVAmust be
routinely performed. Estimation of pressure recovery at the sinotubular junction is suggested. (J Am Coll
Cardiol Img 2010;3:555–62) © 2010 by the American College of Cardiology Foundation
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556ownstream pressure recovery in the aorta
affects transvalvular pressure gradient
measurement and estimation of aortic
valve area (AVA) by continuity equation
n patients with aortic stenosis (AS) (1). Conver-
ence of flow through the stenotic aortic valve to
he vena contracta converts potential energy to
inetic energy with a resulting reduction in pres-
ure at the vena contracta (2– 4). As streamlines
hen diverge and slow again distal to the vena
See page 563
ontracta, there is reconversion of some kinetic
nergy to potential energy with recovery of a pro-
ortion of the pressure lost from the left ventricular
LV) outflow tract to the vena contracta (5). Be-
ause Doppler-based methods detect peak flow
elocity that occurs at the vena contracta, the
ransvalvular pressure drop estimated by Doppler
ill be greater than that calculated from simulta-
neous invasive pressure measurements in
the LV outflow tract and in the aortic root
distal to the vena contracta. The implica-
tion of pressure recovery is that AVA
calculated by Doppler-based methods un-
derestimates valve area calculated by
catheter-based methods where aortic pres-
sure is routinely measured in the aortic
root several centimeters distal to the aortic
valve (1,6–8). To overcome these limita-
tions, Garcia et al. (9) derived an equation
to calculate the pressure recovery adjusted
ffective valve area, named energy loss index (ELI).
lthough pressure recovery has previously been
emonstrated to be particularly important in pa-
ients with moderate AS and small aortic roots
1,8,10), it has never been evaluated in a large,
omogeneous cohort, and so its diagnostic impor-
ance has not been assessed. Thus, the aim of the
resent study was to evaluate the impact of pressure
ecovery on assessment of AS severity in asymp-
omatic patients recruited in the SEAS (Simvasta-
in and Ezetimibe in Aortic Stenosis) study (11).
E T H O D S
tudy population. The present substudy was pro-
pectively planned within the SEAS study that
nrolled 1,873 patients with asymptomatic AS,
efined by echocardiography at local study centers
s aortic valve thickening and peak transaortic
exoppler velocity 2.5 and4.0 m/s. Patients were tandomized from January 2001 to February 2004 in
73 European study centers to 4-year placebo-
ontrolled combined treatment with ezetimibe 10
g/day and simvastatin 40 mg/day. Patients with
oronary heart disease, heart failure, diabetes, his-
ory of stroke or peripheral vascular disease, clini-
ally significant mitral valve disease, severe or pre-
ominant aortic regurgitation, rheumatic valvular
isease, aortic valve prosthesis, or renal insuffi-
iency, and patients already on lipid-lowering ther-
py were not included in the SEAS study. The
EAS study protocol, design, and patient recruit-
ent was recently published (11).
The present study population comprises the
,563 (83.4%) of the total 1,873 patients recruited
n the SEAS study, in whom AVA and aortic
iameter at the sinotubular junction (junctional)
ould be measured on the baseline echocardiogram.
ompared with the 311 ineligible patients, the
resent study population did not differ in age, sex,
r body mass index. The SEAS study was approved
y regional ethics committees in all participating
ountries. All patients gave written informed con-
ent to participate in the SEAS study.
chocardiography. Baseline echocardiograms were
btained using echocardiographs with second har-
onic imaging and following a standardized pro-
ocol in all participating hospitals (12). All echo-
ardiograms were sent for expert interpretation at
he SEAS echocardiography core laboratory at
aukeland University Hospital, Bergen, Norway.
Quantitative echocardiography was performed
ollowing the joint European Association and
merican Society of Echocardiography guide-
ines (13). End-diastolic diameter of the aortic
oot was measured at annulus, sinus, junctional,
nd supracoronary (1 cm distal to junction) aortic
evel in 2-dimensional parasternal long-axis view
y an inner-edge-to-inner-edge method. LV
troke volume and ejection fraction were mea-
ured by biplane Simpson method (13). LV
troke volume 22 ml/m2.04 was defined as low,
hich corresponds to the previous cutoff of 35 ml
hen correcting for body surface area (13). Sub-
ortic and transaortic blood velocities and gradi-
nts were derived from velocity time integrals,
easured by pulsed-wave Doppler in the LV
utflow tract and by continuous-wave Doppler
rom different windows by imaging and nonim-
ging transducers, respectively. The highest
ransaortic velocity was used for tracing of theB B R E V I A T I O N S
N D A C R O N YM S
S aortic stenosis
VA aortic valve area
VAI aortic valve area ind
LI energy loss index
unctional sinotubular
unctionime-velocity integral. The effective AVA was
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557alculated using the continuity equation with the
elocity time integrals and indexed for body
urface area (AVAI). Pressure recovery (mm Hg)
as calculated as 4v2  2AVA/Aa[1 – (AVA/
a)], where v is the maximum Doppler transval-
ular velocity (1,6), AVA is calculated by the
ontinuity equation, Aa is the aortic area, and
ressure recovery adjusted AVAI (i.e., the ELI
cm2/m2] as: AVA  Aa/(Aa – AVA)/m2) (1,9).
evere AS was defined conventionally as AVAI
Table 1. Characteristics of the Total Study Population
Variable n  1,563
Age, yrs 67 10
Women, n (%) 607 (39)
Systolic blood pressure, mm Hg 144 20
Diastolic blood pressure, mm Hg 82 10
Heart rate, beats/min 66 12
History of hypertension, n (%) 803 (51)
Height, cm 170 9
Weight, kg 78 15
Body surface area, m2 1.89 0.20
Body mass index, kg/m2 26.9 4.4
All p  NS between tertiles of peak transaortic velocity.
Table 2. Echocardiographic Findings in the Total Study Populat
Variables
<2.79 m/
(Tertile #1
Annular diameter, cm 2.18 0.2
Sinus diameter, cm 3.05 0.4
Junctional diameter, cm 2.79 0.4
Supracoronary diameter, cm 3.07 0.4
LV end-diastolic diameter, cm 5.04 0.6
Septal wall thickness, cm 1.12 0.2
Posterior wall thickness, cm 0.87 0.1
LV mass, g 187 67*
LV mass index, g/m2 98 31*
Stroke volume, ml/m2.04 22 5
Ejection fraction, % 66 7
Peak transaortic velocity, m/s 2.49 0.2
Peak transaortic gradient, mm Hg 25 4*†
Mean transaortic gradient, mm Hg 14 3*†
AVA, cm2 1.51 0.5
AVAI, cm2/m2 0.80 0.2
Pressure recovery, mm Hg 4 1*†
Pressure recovery/peak transaortic gradient, % 17 4*†
ELI, cm2/m2 1.14 0.5
AVAI – ELI, cm 0.35 0.3
AVAI – ELI, % 39 34*
Pressure recovery/peak transaortic gradient
ratio 20%, n (%)
(131) 25.5*
*p  0.001 versus Tertile #3; †p  0.001 versus Tertile #2.
AVA  aortic valve area; AVAI  aortic valve area index; ELI  energy loss index;0.6 cm2/m2 and adjusted for pressure recovery
s ELI 0.6 cm2/m2 (14 –16).
tatistical analysis. The study population was di-
ided into tertiles of peak transaortic velocity
Group #1: 2.79 m/s; Group #2: 2.79 to 3.33
/s; Group #3: 3.33 m/s). Continuous vari-
bles are presented as mean  SD and categorical
ariables as percentages. Comparisons of groups
ere performed by analysis of variance and Sidak
ost hoc test. Pressure recovery and ELI at
ifferent aortic levels were compared by para-
etric statistics. Univariate correlations were
ssessed by Pearson correlation coefficients. Mul-
ivariate linear regression analysis was used to
dentify independent covariates of pressure recov-
ry. Results are given as standardized beta coef-
cients for individual variables and as multiple R2
or the model. To demonstrate the association of
ressure recovery with aortic root dimension, the
tudy population was also divided into tertiles of
unctional aortic diameter. Interaction between
VAI and pressure recovery in predicting AS was
ested in a logistic regression model. A p value
0.05 was considered statistically significant in
oth univariate and multivariate analyses.
and When Divided Into Tertiles of Peak Transaortic Jet Velocity
2.79–3.33 m/s
(Tertile #2)
>3.33 m/s
(Tertile #3) Total
2.19 0.24 2.20 0.28 2.19 0.26
3.10 0.45 3.10 0.45 3.08 0.44
2.82 0.43 2.84 0.45 2.82 0.43
3.14 0.49 3.13 0.48 3.11 0.47
5.03 0.63 5.07 0.62 5.05 0.63
1.15 0.27* 1.21 0.29 1.16 0.28
0.88 0.18* 0.92 0.19 0.89 0.19
191 63* 207 69 195 67
100 29* 108 32 102 31
23 7 25 9 24 8
66 7 67 7 66 7
3.04 0.16* 3.71 0.29 3.08 0.54
37 4* 55 9 39 14
21 3* 32 6 23 9
1.25 0.40* 1.06 0.35 1.27 0.46
0.66 0.20* 0.56 0.18 0.67 0.23
6 2* 8 2 6 2
15 4* 14 4 16 4
0.86 0.35* 0.69 0.26 0.89 0.45
0.20 0.17* 0.13 0.10 0.23 0.26
28 16* 22 11 30 24
(85) 15.7* (47) 9.2 (263) 16.8ion
s
)
7
3
0
4
4
6*
9*
1*†
0*†
4*†
6*†
8*†
†
†LV  left ventricle.
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558E S U L T S
ortic dimension. Clinical and hemodynamic char-
cteristics for the total study population are shown
n Table 1. Age, sex, systolic and diastolic blood
ressure, height, weight, body surface area, body
ass index, heart rate, and history of hypertension
id not differ between tertile groups. Aortic dimen-
ions did not differ between tertile groups (Table 2).
ressure recovery and AS severity. Pressure recovery
ncreased with severity of AS both in women and
en (Fig. 1). As expected, women had smaller
ortic roots and thus greater pressure recovery than
1.50 2.00 3.502.50 3.00 4.00 4.50
Peak Transaortic Velocity (m/s)
Women
r = 0.70, n = 607
SEE = 1.66
y = 0.70*x + 23.77
p<0.001
R2 Linear = 0.482
1.00 2.00 3.00 4.00 5.00
Peak Transaortic Velocity (m/s)
Men
r = 0.65, n = 954
SEE = 1.72
y = 0.65*x + 26.22
p<0.001
R2 Linear = 0.419
Pressure Recovery in Relation to AS Severity and Gender
ation between peak transaortic velocity and pressure recovery
at the sinotubular junction in women (Pearson correlation coefﬁ-
.70, p  0.001) and (B) men (Pearson correlation coefﬁcient r 
0.001). Inserted lines represent regression line and SEE. AS  aor-u
; SEE  standard error of estimate.en (2.57  0.35 cm vs. 2.97  0.41 cm, p 
.001 and 6.1  2.3 mm Hg vs. 5.8  2.3 mm Hg,
 0.01). Peak transaortic velocity did not differ
etween sexes, but pressure recovery as a percentage
f total peak transvalvular gradient was significantly
igher in women (16.3  4.3% vs. 15.1  4.4%,
 0.001). However, pressure recovery as a pro-
ortion of total peak transvalvular gradient de-
reased with higher peak transaortic velocity from
7% in the lowest to 14% in the highest tertile
Table 2, Fig. 2). In multiple regression analysis,
ncluding pressure recovery as a percentage of total
eak transvalvular gradient as the dependent vari-
ble and including peak transaortic velocity, aortic
inus diameter, left ventricular mass, and heart rate
s independent covariates based on significant uni-
ariate associations, higher pressure recovery/peak
ransvalvular gradient ratio was associated with
ower peak transaortic velocity (beta  –0.334) and
ortic sinus diameter (beta  –0.437), and higher
eft ventricular mass (beta  0.119) and heart rate
beta  0.082, all p  0.001) (multiple R2  0.30,
 0.001).
A clinically relevant pressure recovery (i.e., pres-
ure recovery20% of the peak transaortic pressure
radient) was found in 16.8% of patients in the total
tudy population. The prevalence was higher in
roups of patients with lower peak transaortic
elocity or smaller aortic root diameter (Tables 2
nd 3).
Both AVAI and ELI, as well as the AVAI-
LI difference decreased with increasing peak
ransaortic velocity, but the overestimation of AS
everity by unadjusted AVAI was greatest in
atients in the lower tertile (Tables 2 and 3,
ig. 3). In the total study population, the differ-
nce between AVAI and ELI was –30  24%.
he difference increased with lower peak
ransaortic velocity or smaller aortic root dimen-
ion (Tables 2 and 3). In multivariate regression
nalysis, a larger difference between AVAI and
LI was associated with lower peak transaortic
elocity (beta  0.353) independent of higher LV
jection fraction (beta  – 0.049), male sex (beta
– 0.075), younger age (beta  0.093), and
maller AS diameter (beta  0.233) (multiple R2
0.18, p  0.001) (Table 4). No independent
ssociation was found with LV mass when added
o the model.
Percentages of patients classified as severe AS by
VAI and ELI are presented in Figure 4. Overall,
5.7% of patients classified as having severe AS by0.00
5.00
10.00
15.00
20.00
Pr
es
su
re
 R
ec
ov
er
y 
(m
m 
Hg
)
0.00
5.00
10.00
15.00
20.00
Pr
es
su
re
 R
ec
ov
er
y 
(m
m 
Hg
)
A
B
Figure 1.
(A) The rel
estimated
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559evere AS when pressure recovery was taken into
ccount. The proportional reductions in prevalence
f severe AS when pressure recovery was taken into
ccount was 68.2% in the lower tertile and 46.4%
nd 38.2% in the middle and higher tertiles (all p
.001) (Fig. 4). The prevalence of severe AS by ELI
ith low stroke volume did not differ between
ertile groups (p  0.671).
In logistic regression including severe AS by ELI
s dependent variable and AVAI, pressure recovery
nd the product of the 2 as independent variables,
o interaction between the 2 in prediction of AS
as found.
ressure recovery at different aortic levels. Pressure
ecovery and ELI calculated at the junctional aortic
evel were significantly higher compared with cal-
ulations made at sinus or supracoronary levels,
espectively (Table 5). Consequently, fewer patients
ere diagnosed with severe AS by ELI using
unctional diameter, as compared with the calcula-
ion of ELI using sinus or supracoronary diameter,
espectively (p  0.001) (Table 5). Compared with
he use of junctional diameter, 49 patients were
eclassified from nonsevere to severe AS by using
inus diameter and 51 patients by using supracoro-
ary diameter.
I S C U S S I O N
his is the first study to investigate the incidence
nd magnitude of pressure recovery in a large
ohort of prospectively recruited patients with
symptomatic AS. The findings demonstrate that
linically important pressure recovery is present
n a significant number of asymptomatic patients
ith AS and a transvalvular velocity of 2.5 to
.0 m/s. As expected from experimental data
1,2,17) and confirmed in small clinical studies
18–20), the absolute magnitude of pressure recov-
ry was greater in subjects with higher transvalvular
elocities and more severe AS. However, the func-
ional significance of pressure recovery was propor-
Table 3. Absolute and Relative Differences Between AVAI and E
Transaortic Gradient Ratio >20% in Tertiles of Aortic Junctiona
Variables
<2.60 cm
(Tertile #1)
AVAI – ELI, cm 0.29 0.33*†
AVAI – ELI, % 40 34*†
PR/peak transaortic gradient 20%, % 30.5*†
*p  0.001 versus Tertile #2; †p  0.001 versus Tertile #3.
PR  pressure recovery; other abbreviations as in Table 2.ionately larger in patients with a lower degree of
tenosis, confirming results in previous experimen-
al and invasive studies (17,19).
Based on the present results, a substantial
umber of asymptomatic AS patients are likely to
e misclassified as having severe AS if pressure
ecovery is not taken into account. Compared
ith previously published smaller studies
8,10,19), the percentage of reclassification to
onsevere stenosis was higher in our study, prob-
bly reflecting the relatively milder degree of AS
n our study population. The higher incidence of
eclassification in the lowest tertile reflects a
reater proportional impact of pressure recovery
n this group.
Continuous-wave Doppler echocardiography is
idely used to derive estimates of valve area in
atients with AS. Conventionally, an AVA of 1
m2 or an indexed AVA of 0.60 cm2/m2,
espectively, is used to define severe stenosis (14),
ut these numbers are extrapolated from data
cquired from invasive studies and may not be
pplicable to Doppler-derived data that will tend
Pressure Recovery (mmPeak Transaortic Gradient (mm Hg)
m
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g
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Figure 2. Pressure Recovery in Relation to AS Severity
Peak transaortic gradient (green bars) and pressure recovery (pink
the study population grouped into tertiles of peak transaortic veloc
cal lines indicate 1 SD within groups. Abbreviation as in Figure 1.
nd Proportion of Patients With Pressure Recovery/Peak
ameter
2.60–2.97 cm
(Tertile #2)
>2.98 cm
(Tertile #3) Total
0.23 0.27† 0.17 0.15 0.23 0.26
29 17† 21 11 30 24
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560o underestimate valve area compared with stan-
ard invasive methods where aortic pressure is
easured in the aortic root several centimeters
istal to the vena contracta (1,10,19). It is theo-
etically possible to perform invasive measures of
ressure exactly at the vena contracta, but this is
echnically demanding and is not performed rou-
inely in clinical practice. In physiological terms,
t is the recovered pressure that reflects the load
mposed on the LV by AS rather than the
ressure drop at the vena contracta (21–23).
ccurate estimation of the AS severity therefore
hould be performed by noninvasive area correc-
ion for the effect of energy loss (24,25).
Energy Loss Index (ELI)Aortic Valve Area Index (AVAI)
Peak Transaortic Velocity (m/s)
<2.79 2.79-3.33 >3.33
p<0.001
p<0.001
p<0.001
Difference Between AVAI and ELI in Relation to AS Severity
aortic valve area by continuity equation (pink boxes) and
r pressure recovery (green boxes) in the study population
to tertiles of peak transaortic velocity. Boxes represent 25th to
ntiles within groups, and horizontal and vertical lines represent
d range, respectively. AVAI  aortic valve area index; ELI 
dependent Covariates of AVAI/ELI Difference Identiﬁed in
egression Analysis (Multiple R2  0.18, p < 0.001)
ariables B SEE Beta p Value
0.041 0.016 0.075 0.05
0.003 0.001 0.093 0.001
eter, cm 0.140 0.017 0.233 0.001
aortic velocity, m/s 0.174 0.012 0.353 0.001
ction, % 0.002 0.001 0.049 0.05
on coefﬁcient; other abbreviations as in Table 2.o
s index; other abbreviation as in Figure 1.The present study investigated the concept of
ressure recovery at 3 different levels of the aorta.
revious studies have assessed pressure recovery
ither at the sinus, the junctional, or supracoro-
ary aortic level (1,7,8,19,20). Our data confirms
hat there are statistically significant differences
n assessments made at these 3 sites and in the
lassification of AS based on these assessments.
iven the fact that there is no gold standard
nd the present study did not include invasive
alidations or prognostic evaluation, the optimal
ssessment level could not be determined. It is
rgued that pressure recovery should be estimated
t its greatest possible extent (1), which in our
tudy was demonstrated to be at the sinotubular
unction.
As demonstrated by the present results, ELI
as on average 30% larger than AVAI, and
linically important pressure recovery (i.e., pres-
ure recovery 20% of the peak transaortic gra-
ient) was on average found in 16.8% of patients.
linically important pressure recovery was more
ften present in patients with smaller aortic root
imensions or lower peak transaortic velocities,
onfirming previous findings in experimental
tudies (6) as well as invasive studies in small
atient populations (1,18,19). The findings that
he difference between AVAI and ELI dimin-
shed with increasing peak transaortic flow veloc-
ty are consistent with results in invasive studies
eported in small patient populations (18,19).
Decisions on aortic valve replacement are
riven primarily by symptoms and occasionally by
oncerns about LV function (14,26,27). It is
ften difficult, particularly in older patients with
omorbidities, to be confident about the origin of
ymptoms, and a valve mistakenly classified as
everely stenosed might lead to operation in
patient with a low chance of symptomatic
mprovement. Furthermore, echocardiographic
rading of AS by peak transaortic velocities,
radients, or AVAI may yield inconsistent results
egarding AS severity (28). In asymptomatic
atients, echocardiographic assessment of AS
oes not rely solely on the estimation of valve area
ut also requires an assessment of valve morphol-
gy, the shape of the spectral Doppler waveform,
nd LV systolic function. Thus, a finding of a
ignificant discrepancy between AVAI and ELI
hould prompt careful scrutiny of other parame-
ers of severity, including exercise echocardiogra-
hy (29). Few data exist on the prognostic valuecm
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561ecovery. Results by Garcia et al. (9) showed that
LI was superior to unadjusted AVAI in predict-
ng adverse clinical outcomes in patients with
oderate to severe AS. Whether AVAI or ELI is
better predictor of outcome in asymptomatic
S patients needs to be clarified in further
nalyses.
tudy limitations. Routine catheterization was not
erformed in this study, and so we cannot con-
rm our estimates of pressure recovery by invasive
easurements. However, in clinical practice,
chocardiography is often the sole method used
o assess the severity of AS. Current recommen-
ations reserve transvalvular catheterization only
n those instances where there is significant doubt
oncerning the true severity of stenosis. However,
t should also be kept in mind that it is technically
ifficult to measure invasive pressure recovery
ccurately during routine cardiac catheterization.
Ultimately, proving the value of calculating
ressure recovery and pressure recovery adjusted
VA, known as ELI, will require the demonstra-
ion of energy loss as a better prognosticator than
VA in predicting clinical outcome. However,
he present study is the first to demonstrate the
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Figure 4. Reclassiﬁcation From Severe to Nonsevere AS by Pres
Percentage of patients classiﬁed as having severe AS by both unad
adjusted valve area increased (pink bars), while percentage of patie
decreased with increasing peak transaortic velocity. Percentage of p
(yellow bars) increased with increasing peak transaortic velocity. Abrevalence, correlates, and clinical relevance of Dressure recovery and ELI in a large population
f AS patients. It demonstrates that pressure
ecovery adjustment of AVA frequently leads to
eclassification of AS severity.
O N C L U S I O N S
he severity of AS is frequently overestimated if
orrection for pressure recovery is not performed. For
ccurate assessment of AS severity, pressure recovery
djustment of AVA must be routinely performed.
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